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Final Report of Accomplishments

The third and final year of this AFOSR-YIP grant has seen the completion of projects begun in
Years 1 and 2. The core of the graduate student team has been Enrique Carrion, who is doing ex-
cellent work and whose PhD thesis work is on track. Enrique has recently published a very inter-
esting study of top-gated graphene transistors, including their variability and other “real world”
challenges. Another student that joined us in Year 2 (Ning Wang) has been coming up to speed,
under the leadership of Enrique. Ning has been leading our work on carbon nanotubes (CNTS),
including extensive modeling and fabrication of avalanche-induced switching in CNT transistors.

Year 3: Our work in the final year has seen the completion and publication of a major review
article co-authored by the PI (E. Pop) with two AFRL researchers (A. Roy and V. Varshney).
The collaboration between Pop and the AFRL researchers would not have been possible without
this grant, and it became an integral part of this project even though it could not have been fore-
seen when the grant was written! This review titled “Thermal Properties of Graphene: Funda-
mentals and Applications” was published in the MRS Bulletin, December 2012 issue and it has
already garnered a substantial number of citations for the short time since its publication. Anoth-
er study recently completed is that led by Enrique Carrion, titled “Nanosecond Pulsed Electrical
Characterization of Top-Gated Graphene Transistors” and currently in revision at IEEE Trans.
Electron Devices. This study examined the properties of graphene transistors from CVD-grown
graphene, measured and modeled under realistic transport conditions, including their variability
and imperfections. A related study (A. Behnam, Nano Letters, 2012) was the first to examine the
properties of nanoscale interconnects from CVD-grown graphene nanoribbons (GNRS). In this
work we found that the maximum current-carrying ability of such GNRs can be controlled by
reducing their self-heating at high-field, and we have achieved current densities up 2x10° A/lcm?,
almost as high as those of carbon nanotubes, even in spite of the GNR edge roughness. Finally, a

Y 1n July 2013 (after the completion of this grant) the Pl and his group moved to Stanford Uni-
versity, Electrical Engineering department. The new contact information is: e-mail
epop@stanford.edu, tel: (650) 725-8768, web: http://poplab.stanford.edu and physical address:
Stanford University, Allen Building, Room 335X, 420 Via Palou, Stanford, CA 94305.




collaboration supported in part by this AFOSR-YIP grant (E. Guerriero et al., ACS Nano, 2013)
has led to the first demonstration of graphene circuits operating at speeds over 1 GHz. This has
been a collaboration with the group of Prof. Roman Sordan at Politecnico di Milano in Italy, and
has led to our group hosting a student from Italy, as well as very nice international collaboration
experiences for the UIUC students involved.

Year 2: Here we briefly summarize the work reported last year, for the sake of completeness of
this final report. Year 2 saw many advances building on Year 1 results (publication list attached).
We completed three studies examining high-field transport and dissipation in graphene (Bae et
al, ACS Nano 2011), graphene nanoribbons (Liao et al, Phys. Rev. Lett. 2011) and carbon nano-
tubes (Tsai et al, Appl. Phys. Lett. 2011). In particular, we found that thermal effects play a sig-
nificant role in limiting the current density of graphene devices during high-field transport. We
made our graphene simulation codes freely available to the community on the web site
nanoHUB.org (as GFETTool). We have also carefully studied the effects of Cu substrate on
graphene grown by chemical vapor deposition (CVD), and uncovered that Cu (111) surfaces
yield the best monolayer graphene growth (Wood et al, Nano Lett. 2011). We continued our
work making graphene nanoribbons (GNRs) from CVD-grown graphene, and the manuscript is
now under revision (Behnam et al, Nano Lett. 2012). To our knowledge, this is the first time that
GNRs have been fabricated and investigated on a large-scale vs. the single-device approaches
presented in the past. Finally, we have implemented a pulsed measurement system to accurately
measure carbon nanoelectronics with suppressed hysteresis and lower overall heating, which will
be presented at the Device Research Conference in June 2012 (Carrion et al, DRC 2012).

A number of other publications and collaborations supported in part by this work have also ap-
peared during the past year. These include thermal measurements of a “weakened” interface by a
weakly-bonded graphene monolayer (Hsieh et al, PRB 2011), and two studies of the current-
carrying ability of GNR interconnects (Wang, DRC 2012) and more broadly of GNRs and CNTs
as 1-dimensional nanomaterials (Liao, APS 2012). These papers are listed in the list submitted
online, and on the next two pages.

Year 1: To briefly summarize the work from Year 1 in this final report. In Year 1 we had devel-
oped a method for fabricating wafer-scale graphene nanoribbon transistors (GNRFETS) using
graphene grown by chemical vapor deposition (CVD). We characterized the electrical properties
of such devices and will present these results at the 2011 Device Research Conference. To our
knowledge, this is the first time that large-scale GNRs have been fabricated and investigated vs.
the single-device approaches presented by others in the past. We have also extended this fabrica-
tion process to make top gated GNRFETS; this work was presented at Graphene 2011 in Bilbao,
Spain. In addition, we have developed a pulsed measurement system for accurately measuring
the current of low-power carbon nanoelectronics with suppressed hysteresis and lower overall
heating. These developments are summarized in the attached report.



A number of other publications and collaborations supported in part by this work have also ap-
peared during Year 1. These include the first thermal measurements across (perpendicular) to
graphene stacks from one to ten layers; the first report of thermoelectric effects at graphene tran-
sistor contacts; and the first measurements of the current carrying capability of GNRs, which was
shown to be limited by self-heating. These papers are listed online, and on the next pages.
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